Rationale Gamma-hydroxybutyrate (GHB) is a gammaaminobutyric acid (GABA) analog that is used to treat narcolepsy but that is also abused. GHB has many actions in common with the GABA B receptor agonist baclofen, but their underlying GABA B receptor mechanisms may be different. Objective The aim of this study is to further investigate a possible differential role of glutamate in GABA B receptormediated effects of GHB and baclofen. Materials and methods The experiments examined the effects of non-competitive antagonists at the N-methyl-dasparate (NMDA) subtype of glutamate receptors on GHBinduced catalepsy and compared these effects with those on baclofen-induced catalepsy. Results In C57BL/6J mice, ketamine, phencyclidine (PCP), and dizocilpine (MK-801) all enhanced GHB-induced catalepsy. They did so with a potency order (i.e., MK-801 > PCP > ketamine) consistent with their relative potencies as NMDA antagonists but not as inhibitors of dopamine or organic cation transporters. Ketamine, PCP, and MK-801 enhanced catalepsy along inverted U-shaped dose-response curves likely because higher doses affected motor coordination, which limited their catalepsy-enhancing effects. Doses that were maximally effective to enhance GHB-induced catalepsy did not affect the cataleptic effects of baclofen. Conclusions The finding that NMDA receptor antagonists enhance the cataleptic effects of GHB but not those of baclofen is further evidence that the GABA B receptor mechanisms mediating the effects of GHB and GABA B agonists are not identical. Differential interactions of glutamate with the GABA B receptor mechanisms mediating the effects of GHB and baclofen may explain why GHB is effective for treating narcolepsy and is abused, whereas baclofen is not.
Introduction γ-Hydroxybutyrate (GHB) is a putative neuromodulator (Maitre 1997) involved in the regulation of sleep (Mamelak et al. 1977) and used clinically to treat narcolepsy in the USA (Tunnicliff and Raess 2002; Fuller and Hornfeldt 2003) and alcoholism in Europe (Poldrugo and Addolorato 1999) . GHB is also used recreationally (Rodgers et al. 2004; Gonzalez and Nutt 2005) . Its precise mechanism of action is unknown.
GHB binds to GABA B receptors (Mathivet et al. 1997; Lingenhoehl et al. 1999 ) and specific GHB receptors (Benavides et al. 1982; Snead and Liu 1984) in brain that are thought to be involved in the behavioral effects of GHB. At present, there appears to be little evidence for a role for GHB receptors in the in vivo effects of GHB (Wong et al. 2004) . Instead, many studies suggest that GABA B receptors are particularly important for various behavioral effects of GHB, including discriminative stimulus effects (e.g., Winter 1981 , Colombo et al. 1998 , Carter et al. 2003 , decreased operant responding (Goodwin et al. 2005) , and directly observable effects such as hypolocomotion (Kaupmann et al. 2003) , catalepsy (Carter et al. 2005) , ataxia (Goodwin et al. 2005) , and loss of righting (Carai et al. 2001) . Consistent with the involvement of GABA B receptors, all of these effects of GHB are produced also by the prototypical GABA B receptor agonist baclofen (Carter et al. 2003 (Carter et al. , 2005 .
Although GABA B receptors likely mediate behavioral effects that GHB has in common with baclofen, there is evidence that the underlying GABA B receptor mechanisms may not be identical. The GABA B receptor antagonist CGP35348 antagonizes the discriminative stimulus effects of GHB and baclofen, consistent with the involvement of GABA B receptors, but is less potent to antagonize these effects of GHB than those of baclofen Carter et al. 2006) . Recently, we reported that CGP35348 was also less potent to antagonize the cataleptic effects of GHB and its precursor GBL than those of the GABA B receptor agonists baclofen and SKF97541 (Koek et al. 2007b ). Together, these findings suggest a possible role for different GABA B receptor subtypes or different interactions with the same GABA B receptor in the behavioral effects of GHB and baclofen.
Additional evidence that the GABA B receptor mechanisms underlying the effects of GHB and baclofen are not identical has recently been obtained in interaction studies with N-methyl-d-aspartate (NMDA) receptor antagonists. The NMDA antagonist dizocilpine (MK-801) enhances GHB-induced catalepsy in rats (Sevak et al. 2004 (Sevak et al. , 2005 , and GHB and the NMDA antagonist phencyclidine (PCP) enhance each other's discriminative stimulus effects in rats (Koek et al. 2007a) . Interestingly, the latter interaction may be specific for GHB because it did not occur with PCP and baclofen (Koek et al. 2007a ). The present study is part of an effort to examine the generality of the differential enhancement of behavioral effects of GHB and baclofen by NMDA antagonists. Here, instead of discriminative stimulus effects, the cataleptic effects of GHB and baclofen, which typically occur at higher doses, were examined. GHB-and baclofeninduced catalepsy was studied in animals pretreated with dizocilpine, PCP, or ketamine. Although dizocilpine, PCP, and ketamine are potent antagonists at the NMDA subtype of glutamate receptor, they not only share NMDA antagonist properties but can also produce other effects, such as inhibition of dopamine uptake (e.g., Snell et al. 1988 ) and, discovered recently, inhibition of organic cation transporters (Amphoux et al. 2006) . Thus, to test the hypothesis that NMDA antagonism enhances GHB, the present study examined if PCP, dizocilpine, and ketamine enhance the cataleptic effects of GHB with relative potencies that correlate with their NMDA antagonist properties and not with their ability to inhibit dopamine uptake or organic cation transporters.
The present study was conducted in mice to examine the generality of our previous findings in rats. The results show that differential enhancement of GHB and baclofen by NMDA antagonists is not limited to discriminative stimulus effects. Taken together, our studies suggest the possibility that GABA B receptors on glutamatergic neurons mediate behavioral effects of GHB, whereas GABA B receptors on GABAergic neurons mediate behavioral effects of baclofen. This difference may have implications for their different profiles of preclinical and clinical activities.
Materials and methods

Animals
Fifty-seven adult male C57BL/6J mice (The Jackson laboratory, Bar Harbor, ME, USA), weighing 23-34 g at the beginning of the experiments, were housed in groups of four in an environmentally controlled room (temperature, 24°C; relative humidity, 45%), under a 14:10 h light/dark cycle (light on at 0700 hours), with food (rodent sterilizable diet; Harlan Teklad) and water continuously available. The animals were maintained, and the experiments were conducted in accordance with the Institutional Animal Care and Use Committee, The University of Texas Health Science Center at San Antonio, and with the 1966 Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources on Life Sciences, National Research Council, National Academy of Sciences).
Catalepsy
As described elsewhere (Carter et al. 2005; Koek et al. 2007b) , catalepsy was examined using a horizontal cylindrical metal bar (diameter, 1 cm) supported 4 cm above the floor by two 8×8-cm square pieces of Plexiglas (Instrumentation Services, University of Texas Health Science Center). Mice were tested for catalepsy by placing their forepaws on the bar while the hind paws remain on the floor and then recording the time that both forepaws remained on the bar up to a maximum of 30 s. Each animal received an i.p. injection of saline or of a particular dose of an NMDA antagonist and was tested for catalepsy 15 min later by an observer unaware of the pretreatment condition. Immediately after this test, animals received i.p. injections at 15-min intervals with cumulative doses of GHB (32-320 mg/kg) and were tested for catalepsy at the end of each interval. Each pretreatment was tested in eight mice, except saline control pretreatment, which was tested in 13 mice. Mice were tested repeatedly but not more than 16 times and with at least a week between tests. In an effort to control for repeated testing, pretreatment conditions were tested in a non-systematic order. To examine the selectivity of the effects on GHB-induced catalepsy, doses of the NMDA antagonists that were maximally effective to enhance GHB were also studied as a pretreatment to cumulative doses of baclofen (1.78-10 mg/kg; n=8).
Ataxia
Ataxia was studied by means of an inverted screen apparatus (Instrumentation Services, University of Texas Health Science Center) based on that described previously (Coughenour et al. 1977 ) and consisting of four 13×13-cm wire screens (no. 4 mesh) located 23 cm above four Plexiglas containers. The four screens were connected to a rod and handle that could be rotated 180°to simultaneously invert the four screens. Failure to remain on the apparatus for 60 s after it was rotated was scored as exhibiting ataxia. Animals received an i.p. injection of saline or a particular dose of an NMDA antagonist (n=4) and, 15 min later, were examined for ataxia.
Data analysis
For each pretreatment drug and dose, the area under the treatment drug dose-effect curve (AUC) was calculated for each animal by means of GraphPad Prism version 4.03 for Windows (GraphPad Software, San Diego, CA, USA). Because the same treatment drug doses were used throughout, the AUC offered a measure of the effectiveness of the treatment drug under various pretreatment conditions. Pretreatment drug effects on the individual AUC values for GHB and, on the time the forepaws remained on the bar when the pretreatment was given alone, were analyzed by one-way analysis of variance (ANOVA) followed by Dunnett's test (GraphPad Prism). Effects of pretreatment drugs on AUC values for baclofen were analyzed by Student's t test (GraphPad Prism). Relations between the potency of pretreatment drugs to affect AUC values and to produce other previously reported effects were examined by calculating Pearson's correlation coefficient using logtransformed potency values.
Daily administration of a relatively high (200 mg/kg) dose of GHB during 14 days has been reported to produce tolerance to its cataleptic effects in mice (Itzhak and Ali 2002) . In the present study, drug doses were tested in a nonsystematic order, with at least 1 week between tests. In an effort to examine possible effects of repeated testing under the conditions of the present study, the dose-response data of the GHB experiments were analyzed by dividing the data at each dose into two groups based on whether they were obtained earlier or later in the study. Two-way ANOVA followed by Bonferroni post-tests (GraphPad Prism) were used to compare dose-response data obtained earlier and later in the study.
Drug effects on ataxia were analyzed by comparing the percentage of drug-treated animals showing ataxia with the percentage of saline-treated controls showing ataxia by means of Fisher's exact test (GraphPad Prism). Correlations were quantified by Pearson's correlation coefficient.
Drugs γ-Hydroxybutyrate sodium (GHB) and (±)baclofen were purchased from Sigma-Aldrich (USA), ketamine hydrochloride from Fort Dodge Laboratories (Fort Dodge, IA, USA), and dizocilpine from Research Biochemicals International (Natick, MA, USA). Phencyclidine was obtained from NIDA (Research Technology Branch, Rockville, MD, USA). All compounds were dissolved in physiological saline (0.9% NaCl), except GHB, which was dissolved in sterile water. All compounds were injected i.p. in a volume of 5 to 20 ml/kg. Doses are expressed as the form of the compound listed above.
Results
Neither ketamine nor PCP produced catalepsy in C57BL/6J mice when given alone (Fig. 1a) . Pretreatment with either drug did not significantly affect the mean time that both forepaws remained on the bar (ketamine, In animals pretreated with saline, GHB and baclofen dose-dependently produced catalepsy (Fig. 1b,c ; solid circles). Ketamine, PCP, and dizocilpine enhanced the cataleptic effects of GHB (Fig. 1b) and significantly increased the AUC values for GHB (Fig. 1d, solid the study were not significantly different, assessed by ANOVA and post-tests). Ketamine, PCP, and dizocilpine significantly and maximally increased the AUC values for GHB at 17.8, 5.6, and 0.178 mg/kg, respectively. At these doses, none of the NMDA antagonists significantly altered the cataleptic effects of baclofen (Fig. 1c ) measured as area under the curve ( Fig. 1d ; open circles; t≤0.64, df=18, P≥0.50). At higher doses that no longer enhanced GHB-induced catalepsy (i.e., 100 mg/kg keta-mine, 10 mg/kg PCP, 0.32 mg/kg dizocilpine), all three NMDA antagonists produced ataxia in 100% of the animals tested, compared with 0% ataxia in saline-treated animals (P<0.05; data not shown).
The relative potencies with which ketamine, PCP, and dizocipline enhanced the cataleptic effects of GHB correlated positively and strongly (r=0.99) with their potency to antagonize NMDA-induced convulsions (Fig. 2a) and with their potency to inhibit binding of the PCP derivative thienylcyclohexyl piperidine (TCP) at the NMDA receptorassociated ion channel (Fig. 2b) . In contrast, the catalepsyenhancing effects of ketamine, PCP, and dizocilpine correlated only weakly and negatively with their potency to inhibit dopamine and organic cation transporters ( Fig. 2c,  d ; r=−0.45 and −0.20, respectively). The doses at which the NMDA antagonists enhanced GHB-induced catalepsy were 4-to 16-fold lower than those reported to block NMDA-induced convulsions (Fig. 2a) and were very similar to those reported (Maurice and Vignon 1990) to inhibit TCP-binding in vivo (Fig. 2b) .
Discussion
The main finding of this study is that GHB-induced catalepsy was selectively enhanced by dizocilpine, PCP, and ketamine, with a potency order (i.e., dizocilpine > PCP > ketamine, based on their minimum effective dose: 0.178, 3.2, and 17.8 mg/kg, respectively) similar to their relative potencies to antagonize effects of NMDA in vivo (e.g., ) and consistent with their relative affinities at binding sites in the ion channel of the NMDA receptor complex labeled with PCP (e.g., Wong et al. 1988) or the PCP derivative, TCP (e.g., Maurice and Vignon 1990) . Dizocilpine significantly increased catalepsy when given alone. It is unlikely that NMDA antagonism is involved in these effects of dizocilpine because neither PCP nor ketamine produced catalepsy when given alone. Whichever the mechanism, this dose of dizocilpine did not generally enhance the cataleptic effects of other drugs but selectively enhanced GHB-induced catalepsy as did the other NMDA antagonists PCP and ketamine. The present results in mice (1) are consistent with previous findings that dizocilpine enhances GHB-induced catalepsy in rats (Sevak et al. 2004 (Sevak et al. , 2005 , (2) extend them to other channel-blocking NMDA antagonists, (3) show that their catalepsy-enhancing effects correlate positively with their NMDA antagonist properties instead of with their dopamine or organic cation transporter blocking effects, and (4) suggest that their catalepsyenhancing effects are selective for GHB. The latter finding is consistent with evidence that PCP and GHB enhance each other's discriminative stimulus effects, but PCP and baclofen do not (Koek et al. 2007a) . Taken together, these findings are further evidence that the GABA B receptor mechanisms mediating the effects of GHB and baclofen are not identical (e.g., Koek et al. 2007b) , and suggest that these GABA B receptor mechanisms are differentially modulated by glutamatergic systems.
Baclofen produces catalepsy in rats after peripheral (i.p.; Mehta and Ticku 1987) and central (ventromedial thalamic nucleus; Wullner et al. 1987 ) administration, likely related to its effects on striatal dopamine synthesis, which are similar to those of the neuroleptic haloperidol (Waldmeier 1991) . However, these neurochemical effects of baclofen are mediated by GABA B receptors, unlike those of haloperidol (Waldmeier 1991) . Consistent with the involvement of GABA B receptors, baclofen-induced catalepsy is blocked by the GABA B receptor antagonist δ-aminovaleric acid and not by bicuculline, bromocriptine, or scopolamine (Mehta and Ticku 1987) . In the present study, catalepsy was produced by cumulative i.p. doses of baclofen and also by a cumulative i.p. dose of 320 mg/kg GHB, consistent with previous reports of catalepsy following 560 mg/kg GHB i.p. in Spraque-Dawley rats (Sevak et al. 2004) , 200 mg/kg GHB i.p. in OF.1 mice (Navarro et al. 1998) , 300 mg/kg GHB i.p. in Swiss-Webster mice (Itzhak and Ali 2002) , and 320 mg/kg GHB i.p. in C57BL/6J mice (Carter et al. 2005; Koek et al. 2007b) , the same strain as used in the present study. The lowest dose of GHB and baclofen that produced near-maximal catalepsy in the cumulative dosing procedure used here (i.e., 320 and 10 mg/kg i.p., respectively) was the same as in the single dosing procedure used previously (Carter et al. 2005; Koek et al. 2007b) , suggesting that, under the conditions of these experiments, the potency of GHB and baclofen to produce catalepsy in C57BL/6J mice is not markedly affected by the use of single or cumulative dosing. The observation that GHB, which has agonist activity at GABA B receptors (Lingenhoehl et al. 1999) , has cataleptic effects in common with a well-characterized GABA B receptor agonist and the finding that these effects can be blocked by the GABA B receptor antagonist CGP35348 (e.g., Koek et al. 2007b ) are further evidence that GABA B receptors are involved in GHB-induced catalepsy.
Although GABA B receptors appear to be involved, the GABA B receptor mechanisms underlying the effects of GHB and baclofen may not be identical. For example, the GABA B receptor antagonist CGP35348 attenuated GHBand baclofen-induced catalepsy, demonstrating a role for GABA B receptors, but was threefold less potent to antagonize the effects of GHB than those of baclofen, suggesting differential involvement of GABA B receptors in the cataleptic effects of GHB and baclofen (Koek et al. 2007b) . Furthermore, PCP and GHB enhance each other's discriminative stimulus effects, but PCP and baclofen do not (Koek et al. 2007a) , suggesting that the mechanisms underlying these effects of GHB and baclofen are differentially modulated by the glutamatergic systems with which PCP interacts (Koek et al. 2007a ). The present finding that PCP and other antagonists at the NMDA subtype of glutamate receptors enhance the cataleptic effects of GHB but not those of baclofen suggests that differential modulation by glutamate of the GABA B systems underlying the effects of GHB and baclofen may have considerable generality.
Recent electrophysiological studies offer additional evidence of differing effects of GHB and baclofen. When applied at clinically relevant concentrations, GHB disinhibits and baclofen inhibits ventral tegmental dopamine neurons ). This suggests that GHB would be more likely than baclofen to activate the dopamine system implicated in addiction and that baclofen, which may be useful to reduce relapse to cocaine-taking (e.g., Weerts et al. 2007) , may have more pronounced anticraving effects than GHB . GHB and baclofen also differ in their effects on excitatory neurotransmission at NMDA and α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) subtypes of glutamate receptors in neocortex (Li et al. 2007 ). Both GHB and baclofen inhibited excitatory postsynaptic currents elicited by NMDA and AMPA, and these effects could be reversed by the selective GABA B receptor antagonist CGP62349. Interestingly, GHB more potently depressed NMDA receptor-mediated postsynaptic currents, whereas baclofen more potently depressed responses mediated by the AMPA subtype of glutamate receptors (Li et al. 2007 ). These latter findings, together with the present results, suggest a special role for NMDA receptors in the GABA B receptor-mediated effects of GHB. Thus, there is emerging evidence that the effects of GHB and baclofen, although in many respects similar, may be mediated by different GABA B systems.
There is evidence for functional GABA B receptor subtypes (Seabrook et al. 1990; Bonanno and Raiteri 1992; Lanza et al. 1993; Fassio et al. 1994; Yamada et al. 1999) . Conceivably, differential activity of GHB and baclofen at GABA B autoreceptors and heteroreceptors could account for the differential ability of CGP35348 to antagonize GHB and baclofen. Alternatively, GHB and baclofen may interact differently with the same GABA B receptor (e.g., GHB may induce conformational changes in the GABA B receptor that differ from those induced by baclofen). Differential activity of GHB and baclofen at auto-and hetero-receptors could also account for the differential enhancement of their effects by antagonists at the NMDA subtype of glutamate receptor observed in the present study, with effects of GHB mediated by glutamatergic GABA B heteroreceptors and effects of baclofen by GABA B autoreceptors. Further studies examining the different GABA B mechanisms underlying effects of GHB and baclofen may help to explain why GHB is effective to treat narcolepsy and is abused, whereas there is no evidence that baclofen is effective in any sleep disorder and no evidence that baclofen is abused.
